The nitrate reductase complex from ChloreUa pyrenoidosa has been purified by a procedure which includes as main steps, ammonium sulfate fractionation, polyethylene glycol treatment, and DEAE-cellulose chromatography. The Michaelis constants for NADH, FAD, and NO.-in the NADH-nitrate reductase assay are 10 pM, 2.6 AM, and 0.23 mM, respectively. Heat treatment exerts varying effects on the enzymatic activities associated with the nitrate reductase complex.
The enzymatic reduction of nitrate to nitrite has been characterized in fungi and in higher plants as a sequential transfer of electrons from NAD(P)H to NO-via FAD and molybdenum (1, 2, 4, 6, 8, 9) . Cytochromes may be involved (5, 11) . This electron transfer sequence can be interpreted as two enzymatic activities which operate sequentially (6, 7, 13 
MATERIALS AND METHODS
Cultures of C. pyrenoidosa were grown on an inorganic salt media (3) . For experimental purposes, C. pyrenoidosa was first 1This work was supported in varying degrees by Grants GMO-1450, GM-13201, and AM-18955 from the National Institutes of Health.
subcultured at 26 C in 2-liter flasks containing 1400 ml of media, with light provided by eight "Gro-lux" bulbs (Sylvania). The cultures were vigorously aerated with a 95% air-5% carbon dioxide gas mixture. After 4 to 5 days of growth, the contents of the 2-liter flask were used to inoculate 60 liters of media. The cells were collected during the late log phase of growth and frozen until use.
In the course of purifying the nitrate reductase complex, NADH-nitrate reductase, FADH2-nitrate reductase, and reduced methyl viologen-nitrate reductase activities were assayed as previously described (6) with the following exceptions: 0.05 ml of 2 mm NADH and 0.1 M phosphate buffer, pH 7.8, were used.
One unit of activity is defined as the formation of 1 nmole of nitrite in 1 min. Specific activity is expressed as units of activity per mg protein.
RESULTS AND DISCUSSION
The requirements for maximal extraction of enzymatic activity were determined to be a high ionic strength buffer (0.1 M), phosphate ions, and a sulfhydryl-protecting agent, such as 2-mercaptoethanol. All buffers contained 0.5 mm EDTA and 1 mM 2-mercaptoethanol.
In a typical purification, 265 g of cells, 1060 ml of 0.1 M phosphate buffer, pH 7.5, and 1060 g of acid-washed glass beads were homogenized in a Waring Blendor for 10 min at 0 C. The resulting homogenate was centrifuged at 16,300g for 30 min. The nitrate reductase was then precipitated between 20 to 45% ammonium sulfate saturation and the precipitate was dissolved in 0.1 M glycylglycine-NaOH buffer, pH 7.5. Removal of nucleic acids was achieved by the addition of 30% w/w polyethylene glycol 6000 (0.3 ml/ml enzyme) (6, 12) . The mixture was stirred for 15 min and then centrifuged. The resulting supernatant solution was dialyzed in a Dow Chemical Dialyzer (b/HFD-1) against 5 mm phosphate buffer, pH 7.5, for 1.5 hr, and clarified by centrifugation. This dialyzed enzyme was then chromatographed on a diethylaminoethyl cellulose column (3 X 6 cm), the column was eluted with a 0.5-liter linear gradient solution between 5 mm phosphate buffer, pH 7.5, and 1.0 M phosphate buffer, pH 7.5. The fractions containing the greatest enzymatic activity (the portion of the linear gradient between 0.2 and 0.3 M phosphate) were pooled. The enzyme was then precipitated by the addition of ammonium sulfate (40% saturation). The precipitate was dissolved in 0.1 M glycylglycine-NaOH buffer, pH 7.5, containing 20% glycerol, and dialyzed for 3 hr against a 0.1 M phosphate buffer, pH 7.5, solution containing 20% glycerol and sufficient ammonium sulfate to give a final concentra-SCHLOEMER AND GARRETT The partially purified NADH-nitrate reductase (fraction 7) exhibited a 50% loss in activity in 24 hr at -15 C. The addition of glycerol (20% v/v final concentration) stabilized the enzyme somewhat, so that only 25% of the activity was lost in 48 hr. The FADH2-and reduced methyl viologen-nitrate reductase activities showed no loss in activity in 48 hr at -15 C, in 20% glycerol. The data of the purification procedure is summarized in Table I .
Other enzymatic activities associated with the NADHnitrate reductase, namely the FADH2-nitrate reductase and the reduced methyl viologen-nitrate reductase, were followed during the purification (Table I ). The enzymatic activities were retained in more or less the same proportions in the steps which do not entail dialysis either against a low ionic strength buffer (fraction 4) or for prolonged periods (fraction 7). The FADH2-nitrate reductase exhibited a normal decline in recovery of total enzyme activity in the purification, whereas the NADHnitrate reductase, besides showing this normal decline in total enzyme units, possessed an unusual degree of lability as reflected by the low recovery. It is of interest to note that both the fold purification and recovery of the NADH-nitrate reductase are 25% of that of the FADH2-nitrate reductase. The reduced methyl viologen-nitrate reductase activity increased slightly relative to that of the FADH2-nitrate reductase.
As shown in Fig. 1 , a 45 C heat treatment of the preparation in the absence of added FAD results in a selective loss in the ability of the enzyme complex to use NADH as an electron donor, as reported earlier (13) . Reduced FAD-nitrate reductase activity remains unaffected whereas the reduced methyl viologen-nitrate reductase activity is increased 5-fold. Similar results were found earlier with the Neurospora nitrate reductase (6) .
The results of the heat treatment and of the purification procedure are consistent with the concept of one enzyme complex catalyzing the three enzymatic activities measured (6 
